Abstract
Results
VPTs, divided in six groups by age and gender (i.e., 8-10 years, 11-15 years and 16-20 years) , at all three sites in the sole increased with higher frequencies, but without gender differences. Thresholds at 64 and 125 Hz were generally higher at heel compared to metatarsal heads. VPTs in finger pulps of index and little fingers, with no finger differences, had a different pattern with increasing thresholds with frequency, but with lower thresholds at 64 and 125 Hz. Thresholds at lower frequencies were higher in finger pulps, while at higher frequencies VPTs were lower in finger pulps than in the sole of the foot; thus, vibration perception in the sole was better than perception in finger pulps at lower frequencies and opposite at higher frequencies. VPTs were higher among adolescents than in younger children in the foot, while thresholds were lower in the finger pulps among adolescents, particularly in index finger. Thresholds in finger pulps of index and little fingers, particularly at higher frequencies, correlated with each other, which the three sites in the sole also did.
Introduction
Vibrotactile perception at tactile surfaces in hands and feet, particularly in finger pulps and in the sole, are important for function [1, 2] , and may be impaired early in various neuropathies [3] . Vibrotactile perception depends on function of Paccini corpuscles, responding to frequencies > 80 Hz (probably in particular at 250 Hz [4] ), and on Meissner´s corpuscles, which are most sensitive at 30 Hz [5, 6] . Thus, to detect vibration perception thresholds (VPTs) at different frequencies, reflecting any dysfunction in such receptors and their connected axons, may be a useful tool for detection of various pathological conditions. In clinical practice, vibrotactile perception is commonly investigated at the pre-tibia, at the medial malleolus and at the big toe at a specific frequency to detect neuropathy [7, 8] , but tactile surfaces may be more important sites to examine as related to function [8, 9, 10] . Disturbed vibrotactile perception in finger pulps in vibration-induced neuropathy and in carpal tunnel syndrome has also been reported [3, 11] . In the long-term, the development of neuropathy in subcohorts of population-based cohorts may be an important issue [8] . However, few studies have focused on the development of neuropathy in children with diabetes and other conditions and, if so, non-tactile surfaces have been examined [12, 13, 14] . Interestingly, recent data imply that vibrotactile sensory modality may also be one key to motor coordination difficulties of children with a developmental coordination disorder, where young children react more slowly [15] . To investigate occurrence of any neuropathy or disorder in children, VPTs have to be determined in a healthy population of children below the age of 20 years, since available data indicate that threshold changes are affected by aging and gender [16, 17, 18] ; thus, such natural changes must be considered when making comparisons between groups or individuals. In addition, vibrotactile perception at tactile surfaces has not been examined in previous studies to obtain normative data in children and adolescents [19, 20] . Our aim was to evaluate VPTs at tactile surfaces in finger pulps of the hand and in the sole of the foot unilaterally in healthy children and adolescents.
Subjects and Methods

Subjects
In total 283, consecutively included by invitation, girls (n = 146) and boys (n = 137) at the age of 8-20 years from three different schools, where we previously had established contacts, were invited to participate in the study after written information was provided to the parents and to the subjects. All children, irrespective of any tentative concomitant disease, from the different classes were invited to participate without any exclusion criteria and only a few declined. For ethical reasons we have no information of "non-participants". Among the consecutively included 283 subjects, 14 subjects were excluded from further analyses, due to diabetes, cognitive disorders, obvious incapability to understand the instructions (n = 6 girls and n = 6 boys), or incomplete recordings (n = 2; one of each gender).
Set up for examination of fingers
Vibration perception thresholds (VPTs) were measured in the right hand at the pulp of the index and little fingers with a standard VibroSense Meter device. The set up for measuring VPTs on finger pulps was done according to ISO 13091-1, Method A; i.e. without a surround and a contact force of 0.15 ± 0.09 Newton (corresponding to a static skin indent of about 1.5 mm) between the probe and the finger pulp. The probe diameter was 4 mm. The skin contact force was continuously monitored by the operator to make sure that the contact force was within required limits according to ISO 13091-1. During the examination the subject was seated comfortable in a chair (Fig. 1) . The examined finger was placed on the vibrating probe, which was covered with a shield to prevent the subject to have a visual contact with the probe. Each examination round started with a test recording at 16 Hz in only one finger; thus, the subject could be acquainted with the procedure. The examination sequence was the index finger followed by the little finger. We only tested VPTs unilaterally since previous studies have not indicated any difference between the right and left side.
Set up for examination of foot
VPTs were also measured at the sole of the foot at three different locations; i.e. at the first and fifth metatarsal head as well as on the heel with a modified VibroSense Meter adopted for Photo showing the experimental set-up. The subject is sitting with the arm/hand and leg/foot, respectively in a relaxed position (A). The investigated skin area (index or little finger, head or the first or fifth metatarsal bone or heel) is placed on a vibrating probe (insert). The subject regulates the intensity of the vibration by pressure a button on a remote control (arrow) in his/her contralateral hand (B). The result is a tactilogram (see Fig. 2 ). The probe for the foot is shown in (C) and the green light (D) indicates that the pressure is appropriate on the investigated area. The person on the photo is not one of the subjects in the study. measurement on the feet (Fig. 1) . The foot VibroSense Meter comprised of a modified hand device with an extended vibrating probe and a special footplate with a hole, which was placed over the modified device. The modified hand device was mounted on a cradle, which could be adjusted in height in order to achieve a proper contact force between the probe and the skin on the examined body part. Hence, the investigated location of the sole of the foot (i.e. head of the first and fifth metatarsals or heel) was placed on the footplate above the hole through which the extended probe was protruding. The skin contact force was controlled by the operator, who adjusted the height of the cradle before starting the examination of VPTs. The measuring procedure for the foot was identical with the examination if the fingers; i.e. according to ISO 13091-1. During the examination the subject was seated comfortable in a chair putting the right foot on the footplate with an angle between the thigh and the lower leg of about 90 degree. The examined site was placed on the vibrating probe and the subject did not have visual contact with the probe since the foot covered it. Each examination round started with a test recording at 16 Hz in only one site; thus, the subject could be acquainted with the procedure. The examination sequence was first metatarsal head, fifth metatarsal head and heel (time taken to examine: approximately 3 min/site as in the fingers).
Examination procedure
The operator explained the examination procedure to the subject. The instruction was very simple; i.e. press and keep the response button down when you can perceive a vibration and release the button when no vibration is perceived. The VPTs were measured with Multi Frequency Tactilometry ( Fig. 1 ) in accordance with previously described technique [1, 9, 10, 11] . The VibroSense Meter device was controlled by a connected standard PC, running the VSM software (version 1.46.6; proprietary software), which is a part of the VibroSense Meter system. The subject was provided with hearing protection to avoid any acoustic impulses and to facilitate concentration. The applied vibrations were controlled according to a von Békésy up/down psychophysical algorithm [1, 9] and the amplitude (acceleration) ramp rate was 3 dB/s, relative to 10 -6 m/s 2 . Prior to the examination the temperature was measured with the internal temperature probe on the VibroSense Meter, which is a standard procedure for the VSM device at each investigated extremity to make sure that is was in the appropriate interval, i.e. 27°-35°, which is according to ISO 13091-1 [21, 22, 23] . The room temperature was between 20°-22°C (requirement according to ISO 13091-1). The probe, vibrating at specific frequencies, excited the investigated areas in the finger pulp or in the sole of the foot. The thresholds were measured in one hand in each subject in the finger pulps of index and little fingers at seven frequencies (8, 16, 32.5, 64 , 125, 250 and 500 Hz) as well as at six frequencies in one foot at three sites in the sole of the foot (8, 16, 32.5, 64, 125 and 250 Hz; first and fifth metatarsal head and at heel). Thresholds were not measured at 500 Hz in the foot since the required power exceeded the specification limits for the VibroSense Meter equipment [10] .
The applied acceleration [expressed in decibels (dB)] on the probe, exciting the finger pulp or sole of the foot, started at 80 dB and then increased with a speed of 3dB/s until the subject perceived a vibration whereby the subject pressed a hand switch; i.e. the response button. The intensity then decreases with a speed of 3dB/s until the subject no longer can feel the vibrations whereby the subject releases the switch. The procedure is repeated four times for each frequency.
A VPT is calculated as the mean value of the three last upper and lower perception levels, i.e. the first upper and lower perception level is discarded in compliance with ISO 13091-1.
The tactilometry examination is fully automated without any manual setting of frequency or vibration levels, indicating that any person (i.e. physician, nurse or BMA) can run the system. Thus, the equipment controls all frequencies and vibration levels where thresholds are examined from low to high frequency. The examination takes approximately three minutes per site and the same operator did all measurements. Data from each patient were stored in a database by the Vibrosense Meter PC software. [1, 9, 24, 25] . Height and weight were also measured in all subjects.
Ethics statement
The local ethics committee at Lund University approved the study (386/2007). Written informed consent was obtained from the parents of the children and adolescents <18 years and from each subject >18 years. The study was conducted in accordance with the declaration of Helsinki (http://www.wma.net/en/20activities/10ethics/10helsinki/).
Statistical analyses
Values of VPTs from the five different sites are expressed as means (95% confidence intervals) and with comparisons as mean differences (95% confidence intervals). The vibrations thresholds were divided by age from 269 children, where thresholds were obtained [i.e. 8-10 years (41 girls, 36 boys), 11-15 years (55 girls, 54 boys) and 16-20 years (43 girls, 40 boys)]. Statistical differences were tested by the Student´s t-test (paired samples t-tests). We only tested those differences where the confidence intervals indicated a visual difference between groups. Only one subgroup was tested, which consisted of 20 comparisons. Therefore, with Bonferroni method the alpha-level value was adjusted to 0.0025. Correlations between measurements in index and little finger, first and fifth metatarsal heads, first metatarsal head and heel and between fifth metatarsal head and heel at the different frequencies were determined by Pearson correlation matrix (rho>0.3 required and p<0.05). The statistical analyses were done using IBM SPSS Statistics (Statistical Package for the Social Sciences, SPSS Inc., Chicago, Il, USA) version 20 for Mac.
Results
Demographics of subjects
The VPTs were divided by age from 269 children, where thresholds were obtained [i.e. 8-10 years (41 girls, 36 boys), 11-15 years (55 girls, 54 boys) and 16-20 years (43 girls, 40 boys)]. Height and weight did not differ between girls and boys among the lower two age classes, but values of height and weight were higher among boys at the highest age class (Table 1) . , are means and 95% confidence intervals in parenthesis.
doi:10.1371/journal.pone.0119753.t002 , are means and 95% confidence intervals in parenthesis.
doi:10.1371/journal.pone.0119753.t004 subjects (i.e. heel compared to first and fifth metatarsal, respectively without division in age or gender). In addition, the thresholds were higher among the adolescents than in the younger children, particularly at 64 Hz [i.e. among girls at heel: 64 Hz p<0.0001, mean differences -6.03 (95% CI: -9.0-(-3.0); 32 Hz p = 0.0002, -4.21 (95% CI: -6.8-(-1.6); no differences at first and fifth metatarsals; and among boys at heel: 64 Hz p = 0.001, -5.48 (95% CI: -8.5-(-2.5)) and 32 Hz p = 0.025, -3.57 (95% CI: -6.7-(-0.5)); at first metatarsal 64 Hz: p = 0.002, -5.69 Values, expressed in dB (relative to 10 -6 m/s 2) , are means and 95% confidence intervals in parenthesis.
doi:10.1371/journal.pone.0119753.t005 Table 6 . Vibration perception thresholds in the finger pulp of little finger at different frequencies in 269 healthy girls and boys. Values, expressed in dB (relative to 10 -6 m/s 2) , are means and 95% confidence intervals in parenthesis.
doi:10.1371/journal.pone.0119753.t006
Correlations
The Pearson correlation matrix showed that there were correlations found between thresholds in finger pulps of index and little fingers, particularly at higher frequencies in both girls (Table 7) and boys (Table 8 ). In addition, correlations were also discovered between the three sites in the sole of the foot in the girls and the boys (Tables 7 and 8) , except in boys between thresholds at the heel and the sites of metatarsal heads (Table 8) . 
Discussion
Vibrotactile perception in finger pulps of healthy subjects with an age below 20 years showed differences at various frequencies and sites in the foot and the fingers as well as differences related to age. This indicates that normative data are needed for vibrotactile perception with focus on various sites and frequencies in girls and boys during childhood and adolescence. The sites were selected to mirror the function of the median (index finger), the ulnar (little finger), the median plantar branch of the tibial (first metatarsal head), the lateral plantar branch of the tibial (fifth metatarsal head) and the sural (heel) nerves. We did not intend to predict any specific factor; thus, without a specific expectation if and how the age could affect the vibration thresholds. The age of puberty in girls and boys is different and extends from 11 to 15 years [26] . We focused on a rough development of puberty and how that development influences the thresholds. We could not precisely define the exact stage of puberty for specific reasons (i.e. Tanner stage); thus, the 269 healthy children were divided into three classes; prepubertal (i.e. 8-10 years of age), pubertal (i.e. 11-15 years of age) and postpubertal (i.e. 16-20 years of age) stages [27] . Height and weight did not differ between the girls and the boys up to 15 years, but were higher in boys than in girls at 16-20 years. Interestingly, we observed that the VPTs in the sole of the foot were higher among adolescents than in younger children, while it was opposite in the hand, particularly in the index finger, where thresholds were lower among the adolescents. The former statement is in agreement with Olsen et al [14] , who also found a positive correlation between age and VPTs at one frequency in the big toe, but only among healthy boys. However, no data have been presented concerning any correlation between age and thresholds in fingers or if tactile or non-tactile sites were examined [14] . Generally, few studies have focused on VPTs. If such an investigation has been done, only a single frequency has been tested and not at tactile surfaces [19, 20, 28, 29] . The present site differences were demonstrated by higher VPTs at lower frequencies in finger pulps than in the sole, while the VPTs were lower in the finger pulps at higher frequencies than in the sole; thus, an indication that the vibration perception in the sole was better than the perception in finger pulps at lower frequencies and the opposite was seen at higher frequencies. In accordance with Hilz et al [19] , thresholds at 125 Hz in the present study were higher in the foot than in fingers. However, the thresholds at low frequencies were lower in the sole of the foot. Thus, the differences depended on the site in the sole of the foot, which may reflect the need of such sense on function of foot and hand, which is understandable from a physiological point of view. Interestingly, Paccini corpuscles respond to frequencies above 80 Hz, probably in particular at 250 Hz [4] , while Meissner´s corpuscles react to lower frequencies (particularly 30 Hz) [30, 31] . An age-and gender-matched control group for vibrotactile perception has not previously been available for children, but has been published for adults, particularly for men [11] . Data indicate that VPTs in men and women are differently affected by diabetes with a higher risk for neuropathy in male patients with diabetes [9, 14, 32, 33] . Interestingly, adult males have a lower density of intraepidermal nerve fibres (i.e. non-myelinated) than adult females in the hand [34] , but no data is to our knowledge available for fibre density in children and adolescents. The development of the plastic brain may be another factor contributing to the present results of the variability between children and adolescents at some frequencies. Outcome of a peripheral nerve repair after injury is better if the injury has occurred below the age of 12 years; probably due to cerebral plasticity and not a better regenerative capability in young children [27] . Recent data imply that the vibrotactile sensory modality may be one key to the motor coordination difficulties of children with a developmental coordination disorder and that there may be a difference between younger and older children in responding to vibrotactile stimuli; the former reacting more slowly [15] .
The strength of the present study was that we compared subjects at three different age groups, which all were healthy, but a limitation is that we did not include comparison with any previously used technique [19] . We only tested vibrotactile perception unilaterally since previous studies have not indicated any difference between the right and left side (i.e. dominant and non-dominant side). More importantly, we carefully checked the temperature of the foot and fingers before the measurement, since such a factor influences vibrotactile perception. Present normative data for children and adolescents may serve as a basis to detect neuropathy among children and adolescents with different disorders, particularly in diabetes in which neuropathic signs recently were reported [12, 13, 14] . It is relevant to detect a disturbed vibrotactile perception in children with type 1 diabetes since estimation from a smaller population indicates that almost half of the children with diabetes have subclinical large-and small-fibre neuropathies, even if tactile detection seems to be better than assessing vibrotactile perception [13] . Nevertheless, quantitative sensory testing is valuable and may be important when evaluating new intervention strategies and even body balance, particularly if tactile surfaces in hands and feet are investigated and multiple frequencies are utilized [19, 29, 35] . Interestingly, even children with toe-walking gait show different VPTs than controls, reflecting physiological changes in the localized receptors within the skin or at a neural perception level in these children [36] . In most of previous studies, the Biothesiometer has been used to detect vibrotactile perception, but again applied at non-tactile surfaces [12, 28, 37] . However, the gold standard is still electrophysiology, which is a more complicated method unsuitable for screening in clinical routine [12] . The age-dependence of VPTs has also been emphasized by others [20] , although non-tactile surfaces were examined.
The vibration thresholds at each site were only measured once in each subject. It is less likely that training in an individual subject would influence results and conclusions due to the number of subjects. We are not entirely sure about the impact of training on individual thresholds with time. A combined score used in previous studies, i.e. sensibility index (SI; 22), may vary ± 0.03 if the examination is done within a short time and if done after several weeks ± 0.05. The technique should not be used everyday; probably not more frequently than once every month, which is actually relevant in clinical settings.
